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Abstract: Three ligands bis(benzimidazol-2-ylmethyl)aniline (bba), 

bis(N-methylbenzimidazol-2-ylmethyl)aniline (Mebba), and 

bis(N-ethylbenzimidazol-2-ylmethyl)aniline (Etbba) have been prepared. Reaction of 

these shape-specific designed ligands with Ag(pic) (pic = picrate) afforded three 

novel complexes, namely, [Ag2(bba)2](pic)2 · 2DMF 1, [Ag(Mebba)2](pic) · Et2O 2 

and [Ag(Etbba)(pic)] 3. The ligands and Ag(I) complexes were characterized by 

elemental analysis, UV-Vis, IR, NMR and X-ray crystallography. 1 is a dinuclear 

metallacycle with 2-fold rotational symmetry in which two syn-conformational bba 

ligands are connected by two linearly coordinated Ag(I) atoms. 2 consists of a 

centrosymmetric uninuclear pore canal structure assembled from a Ag(I) ions and two 

Mebba ligands, resulting in a distorted tetrahedron geometry. The structure of 3 

consists of a ligand of the Etbba, one picrate, and one Ag(I) atom, and the 

coordination geometry around Ag(I) is best described as Y-shaped. In order to explore 

the relationship between the structure and biological properties, the DNA-binding 

properties have been investigated by electronic absorption, fluorescence, and viscosity 

measurements. The experimental results suggest that Ag(I) complexes bind to DNA in 

an intercalation mode, and their binding affinity for DNA follows the order 2 > 1 > 3. 
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Moreover, antioxidant activities of the title complexes have been investigated. The 

result demonstrates that the three Ag(I) complexes have a strong potential to be 

applied as scavengers to eliminate hydroxyl and superoxide radicals in vitro studies. 

 

Introduction 

DNA is generally the primary intracellular target of anticancer drugs. The interaction 

between small molecules and DNA can often cause DNA damage in cancer cells, 

blocking the division of cancer cells and resulting in cell death.1, 2 Transition metal 

complexes are used to bind and react at specific sequences of DNA for finding novel 

chemotherapeutics, probing DNA and developing highly sensitive diagnostic agents.3, 

4 The complexes have been extensively utilized in metal-mediated DNA cleavage for 

the generation of activated oxygen species. Therefore, the research on the mechanism 

of the interaction of complexes with DNA is attracting more and more attention. The 

results will potentially be useful in the design of new compounds that can recognize 

specific sites or conformations of DNA.5, 6 Furthermore, silver complexes have 

showed anti-HIV activities. For this reason, a number of silver complexes were 

screened for anticancer activity and some of them were found active both in vivo and 

in vitro.7 

N-heterocyclic carbenes (NHCs), commonly derived from benzimidazolium 

(imidazolium) salts, have attracted widespread attention as ligands for transition 

metals and main group elements.8, 9 A variety of related metal complexes have been 

synthesized through deprotonation of N, N-disubstituted imidazolium salts.10-13 NHC 

silver complexes have played an important role in the rapid development of NHC 

metal complexes.14-16 One reason for this is that NHC silver complexes are easily 

prepared by a one-pot reaction of an benzimidazolium (or imidazolium) salt with 

Ag2O, which can be easily derived. Another reason for this is that carbene silver 

complexes can be used as carbene transfer reagent for synthesis of Ni, Pd, Pt, Cu, Au, 

Rh, Ir and Ru carbene complexes, such a route affords a convenient method for the 

preparation of these carbene metal complexes.17 In addition, A new discovery shows 
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that Ag(I)–carbene complexes have shown interesting biological activity as 

antimicrobial and antimitochondrial agents, respectively.18, 19 

Interests in bis(2-benzimidazolyl)aniline and their derivatives are widespread. In 

our previous work, we have investigated the coordinating ability of some kind of 

benzimidazole ligands and their complexes.7, 19 In this paper, we wish to report the 

synthesis, structure, DNA-binding activities and antioxidant activity of the Ag(I) 

complex 1-3. These new complexes are of interest as potential precursors for NHC 

complexes of other transition metals. 

 

Results and Discussion 

The Ag(I) complexes were prepared by reaction of Ag(pic) with three ligands bba, 

Mebba and Etbba in methanol, respectively. Synthetic routes of ligands and Ag(I) 

complexes are shown in Scheme 1. The three ligands and their Ag(I) complexes are 

very stable in atmospheric condition. They are soluble in polar aprotic solvents such 

as DMF, DMSO and CH3CN, slightly soluble in ethanol, ethyl acetate and chloroform, 

and insoluble in water, Et2O and petroleum ether. The elemental analyses show that 

their different compositions. 

[Insert Scheme 1] 

 

IR and UV spectra 

The IR spectral data for the free ligands and Ag(I) complexes with their relative 

assignments have been studied to characterize their structures. The IR spectra of 

complex 1 are closely related to that of the free ligand bba. The spectrum of bba 

shows a strong band at 1445 cm−1 and weak bands at 1610 cm−1. By analogy with the 

assigned bands of imidazole, the two bands are attributed to the ν(C=N) and ν(C=C) 

frequencies of the benzimidazole group, respectively.20-22 The location of the two 

bands was slightly shifted for complex 1, one shift around 10 cm−1 and another 

around 5 cm−1 in the complexes, which can be attributed to the coordination of the 

benzimidazole nitrogen to the metal center atom.23 Similar shifts also appear in 
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complexes 2 and 3, which gives the same conclusion. Moreover, information 

regarding the possible bonding modes of the picrate and benzimidazole rings may also 

be obtained from the IR spectra.24 

DMF solutions of ligands and Ag(I) complexes show, as expected, almost 

identical UV spectra. The UV bands of bba (277, 282 nm) are only marginally 

red-shifted about 3 nm for complex 1, which is evidence of C=N coordination to the 

metal center. These bands are assigned to n→π* and π→π* (imidazole) transitions. 

Analogously, the UV bands of Mebba (280, 286 nm), Etbba (280, 287 nm) are also 

marginally red-shifted about 3-4 nm in complexes 2 and 3. This phenomenon also 

shows that C=N is involved in coordination to the metal center. The picrate bands 

(observed at 380 nm in the complexes) are assigned to π→π* transitions.25 

 

Crystal structures 

The X-ray single-crystal analyses suggest that structural diversification did occur in 

the process of coordination assembly, namely, different or isomeric structures were 

obtained from different ligands and silver ions.  

Crystal Structure of complex 1. The crystal structure of 1 consists of a binuclear 

dicationic [Ag2(bba)2]
2+ motif and two picrate anions. Two ligands are arranged in a 

face-to-face syn-conformation to coordinate to two Ag(I) ions from opposite 

directions, generating a locally linear geometry around the metal ions. The 

metallacycle exhibits an overall chairlike conformation possessing a 

crystallographically imposed inversion center. Each silver(I) ion is coordinated to two 

imidazole N donors, with the N-Ag-N bond angles close to linearity 

(N(5)-Ag(1)-N(3)#1, 171.67°). The Ag(1)···Ag(1A) distance (4.611 Å) is much 

longer than the upper limit (2.91-3.24 Å) of those reported for weak Ag···Ag 

interaction in other silver(I) complexes.26-28 This leads to the formation of a typical 

rectangular cavity formed from two ligands and two silver(I) ions, The picrate anions 

do not participate in the coordination and only act as counter anions for charge 

equilibrium.(Fig.1) 

[Insert Fig.1] 
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As shown in Fig. 2, benzene ring from neighboring picrate anions are in parallel 

position by the π···π interactions (centroid-to-centroid distances: 3.559 Å) and two 

adjacent picrate anions are inlaid in the coordination cations as a sandwich and are 

together by the π···π interactions (centroid-to-centroid distances: 3.474 Å), so the 

geometry of the complex ion is propagated into an infinite 1-D chain. In addition, 

because of the existence of the solvated DMF molecules, which form C-H···O 

hydrogen bonds (C-O 2.642-3.425 Å and C-H-O 99.8-165.4° ) and N-H···N hydrogen 

bonds (N-N 3.261 Å and N-H-N 91.8° ) with the anions.29 Such arrangement can 

make the crystal structure more stable. 

[Insert Fig.2] 

 

Crystallographic analysis reveals that complex 1 is a 3D structure due to 

coordination of binuclear dicationic [Ag2(bba)2]
2+ motif.30 The coordination geometry 

of Ag(I) ion with two N donors from two bba ligands (Figure 3a). The shortest 

Ag(I)···Ag(I)distance along the silver chain is 2.91 Å, and the shortest Ag(I)···Ag(I) 

distance between two adjacent silver chains is 4.611 Å. Formation of 3D structure 

prevents the non-coordinating N atoms from forming hydrogen bonds. In Fig 3, the 

[Ag2(bba)2]
2+ units are arranged such that differently sized channels originating from 

inner cavities can be observed in all directions (Figure 3a and 3b). 

[Insert Fig.3]       

 

Crystal Structure of complex 2. The single-crystal X-ray structure of complex 2 

revealed that Ag(I) center is four-coordinated distorted tetrahedron, which is 

coordinated by through four benzimidazole nitrogen atoms(Ag-N bond between 2.285 

and 2.341 Å) from two Mebba ligands(Fig. 4a). The ligand–metal–ligand angles vary 

from 97.45(8)° [N(8)-Ag(1)-N(10)] to 132.95(19)° [C(8)-N(3)-Ag(1)]. Besides, the 

largest dihedral angle between planes N(3)-Ag-N(10) and N(3)-Ag-N(5) is 73.1°, 

while the smallest dihedral angle between planes N(5)-Ag-N(10) and N(8)-Ag-N(10) 

is 34.79°.  So the environment of the Ag(I) ion may be treated as a distorted 

tetrahedron (Fig. 4b). Owing to this coordination geometry, a 8-membered ring was 
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constructed, which connected through the Ag(I) centers and displaying an 8-shaped 

geometry (Fig. 4c).31 

[Insert Fig.4] 

 

The π···π interactions between two benzimidazole rings (centroid to-centroid 

distances: 3.486 and 3.763 Å) in complex 2 also link the dimeric cations, extending 

into a 2D structure in the ac plane (Figure 5 in the Supporting Information). 

Neighboring chains are connected by C-H···O hydrogen bonds(C-O 3.151-3.462 Å), 

thus generating an infinite 2-D layer.32 

[Insert Fig.5] 

 

Crystal Structure of complex 3. The ORTEP structure of complex 3 with atom 

labeling is shown in Fig.6. The molecular structure consists of a ligand of the Etbba, 

one picrate anion, and one Ag(I) atom. The central Ag(I) is three coordinated by one 

O atom (dAg–O = 2.468 (3) ) from picrate anion , Two benzimidazole N atom (dAg– N = 

2.256(3) and 2.197(3)) from Etbba ligand, and the ligand–metal–ligand angles vary 

from 92.18° to 141.60°, so the coordination geometry around Ag(I) is best described 

as Y-shaped.33, 34 In addition, picrate group and Etbba ligand show weak coordination 

to Ag(I) in the chelated mode with the Ag-O(7) and Ag-N(1) distances of 2.769(4) 

and 2.840(3) Å. As shown in Fig. 6. 

[Insert Fig.6] 

 

As one of important types of supramolecular forces, π···π stacking shows a 

specific structural requirement for substrate recognition or the arrangement of 

complicated architectures. In complex 3, the centroid-to-centroid distance of 3.499 Å 

between the two nearly parallel planes of the benzimidazole ring of one ligand and 

benzene ring of picrate anion indicates strong intramolecular interactions. The 2D 

structure was formed through π···π interactions and weak C-O···H hydrogen bonding 

(C-O 2.648-3.471 Å and C-H-O 100.3-160.2°) between benzimidazole and picrate 

anion in adjacent chains (Figure 7).35  

[Insert Fig.7] 
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From the above crystal structures of three Ag(I) complexes, the cation of the 

complex 1 can be described as an overall chairlike conformation possessing a 

crystallographically imposed inversion center, the geometric structure of 2 may be 

treated as a distorted tetrahedron, the coordinate form of the complex 3 can be 

described as Y-shaped. By comparison of the molecular structure of Ag(I) complexes, 

we have found that their structural conformations were mainly controlled by the 

ligands and metal centers, and also influenced by the coordination capabilities of 

counter anions at the same time. The intramolecular weak interactions also help to 

assemble the crystal structures into different dimensions. 

 

DNA Binding Properties 

DNA binding is a critical step for subsequent cleavage. Therefore, prior to 

investigation of the nuclease activities of 1-3 complexes, the binding properties of the 

Ag(I) species with DNA were examined using various techniques. 

UV/Vis Absorption Studies. The absorption titration experiment was carried out to 

investigate the binding affinity of the Ag(I) complexes with CT-DNA. Complex 

binding with DNA via intercalation generally results in hypochromism and a red shift 

(bathochromism) of the absorption band due to a strong stacking interaction between 

an aromatic moiety of the ligand and the base pairs of the DNA.36, 37 On the other 

hand, the absorption intensity of a complex is increased (hyperchromism) upon 

increasing the concentration of CT-DNA owing to the degradation of the DNA 

double-helix structure. 38 The extent of the hyperchromism is indicative of the partial 

or non-intercalative binding modes, such as electrostatic forces, van der Waals 

interactions, dative bonds, hydrogen bonds and hydrophobic interactions 

The absorption spectra of 1-3 complexes in the absence and presence of CT-DNA 

(at a constant concentration of complexes) are given in Fig. 8, respectively. As can be 

seen from Fig. 8, the 1-3 complexes exhibit intense absorption bands at 281-283 nm 

assigned to π → π* transition of the benzimidazole, and addition of increasing 

amounts of CT-DNA results in hypochromism and bathocromic shift in the UV-vis 

spectra of the compounds. In the present case, with addition of DNA, the Ag(I) 
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complexes exhibit hypochromism of about 28.5%, 46.8% and 57.0% accompanied by 

bathochromism about 1-2 nm shift in the absorption maxima. The spectroscopic 

changes suggest that the Ag(I) complexes have stronger interaction with DNA. 

  The intrinsic binding constants Kb of the Ag(I) complexes were 4.85×104 M-1 (R2 = 

0.9889 for 16 points), 1.51×105 M-1 (R2 = 0.9889 for 16 points) and 3.56×104 M-1 (R2 

=0.9889 for 16 points), respectively. Compared with those of so-called 

DNA-intercalative lutetium complexes (5.3×103-2.3×104 M-1),39 the binding constants 

(Kb) of the Ag(I) complexes can suggest that three Ag(I) complexes most possibly 

bind to DNA in an intercalation mode. So, from the above intrinsic binding constant 

values, it indicates that the binding affinity of the Ag(I) complexes is 2 > 1 > 3. This 

may be attributed to three possible reasons: i) This difference of the ligands and Ag(I) 

complexes in DNA binding ability could be attributed to the presence of an electron 

deficient center in the charged Ag(I) complexes where an additional interaction 

between the complex and phosphate-rich DNA backbone may take place.40, 41 ii) By 

comparison of their molecular structures, we find the greater number of coplanar 

aromatic rings, which contribute to intercalation to the base pairs of double helical 

DNA, may result stronger affinity for DNA.7, 25 iii) The charge transfer of coordinated 

ligands caused by the coordination of the silver atom, result in the decline of the 

charge density of the plane conjugate system, which contribute to insert.19, 42 This 

result further illustrates that electron density and steric hindrance play a very 

important role in the DNA-binding of three Ag(I) complexes. 

[Insert Fig.8] 

 

Fluorescence spectroscopic studies. In order to test whether the complexes can 

bind to DNA by the mode of intercalation, competitive EB binding studies were 

undertaken to gain supports for the above spectral result. EB was employed since EB 

interacts with DNA as a typical indicator of intercalation.43 If a complex can replace 

EB from DNA-bound EB, the fluorescence of the solution will be quenched due to the 

fact that free EB molecules are readily quenched by the surrounding water 

molecules.44 For all the complexes, no emission was observed either alone or in the 
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presence of CT-DNA in the buffer. The fluorescence quenching of EB bound to 

CT-DNA by complexes 1-3 are shown in Fig. 9. The quenching of EB bound to 

CT-DNA by three Ag(I) complexes are in good agreement with the linear Stern–

Volmer equation, which provides further evidence that the Ag(I) complexes bind to 

DNA and only one type of quenching process occurs. The Ksv values for complexes 

1-3 are 3.65×102 M−1 (R2 = 0.9984 for 16 points), 4.11×102 M−1 (R2 = 0.99755 for 16 

points) and 3.2×102 M−1 (R2 = 0.9709 for 11 points), respectively. The Stern–Volmer 

dynamic quenching constants can also be interpreted as binding affinities of the 

complexation reactions.45, 46 The data of Ksv present the order 2 > 1 > 3 for complexes, 

which indicate the abilities of displacement of EtBr from EtBr–DNA systems by 

compounds and the binding affinities between compounds and DNA, which is 

consistent with absorption spectral results.  

[Insert Fig.9] 

 

Viscosity titration measurements. Photophysical experiments provide necessary, 

but not sufficient clues to support a binding mode. Measurements of DNA viscosity 

that is sensitive to DNA length change are regarded as the least ambiguous and the 

most critical tests of binding in solution in the absence of crystallographic structural 

data.47, 48 A classical intercalation model results in lengthening of the DNA helix as 

base pairs are separated to accommodate the binding reagent, leading to the increase 

of DNA viscosity. In contrast, a partial and/or non-classical intercalation could bend 

or kink the DNA helix, reduce its effective length and, concomitantly, its viscosity. 

The effects of the Ag(I) complexes on the viscosities of CT-DNA are shown in Fig. 10. 

With the ratios of the investigated complexes to DNA increase, the relative viscosities 

of DNA increase steadily, and almost at the same magnitude of change, indicating that 

there exist intercalations between all the complex with DNA helix. For the three 

complexes, though the results certified they all bind to DNA via an intercalation 

binding mode, the different on the magnitude of change suggested the extents of the 

unwinding and lengthening of DNA helix by those and the affinities binding to DNA 

as follow the order of 2 > 1 >3. So the results demonstrate that the complex could 
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bind to DNA by intercalation mode, which is consistent with the above absorption and 

fluorescence spectral results. 

[Insert Fig.10] 

 

Antioxidant activities 

Generation of reactive oxygen species (ROS) is a normal process in the life of aerobic 

organisms. OH−• and O2
−• are two clinically important reactive oxygen species in the 

human body.49 They are produced in most organ systems and participate in various 

physiological and pathophysiological processes such as carcinogenesis, aging, viral 

infection, inflammation and others.50 We therefore also conducted an investigation to 

explore whether the Ag(I) complexes have the antioxidant activities. 

Hydroxyl radical scavenging activity. We compared the abilities of the Ag(I) 

complexes to scavenge hydroxyl radicals with those of the well-known natural 

antioxidants mannitol and vitamin C, using the same method as reported in a previous 

paper.7, 51 The 50% inhibitory concentration (IC50) value of mannitol and vitamin C 

are about 9.6 × 10–3 and 8.7 × 10–3 M, respectively. Fig. 11 shows the plots of 

hydroxyl radical scavenging effect (%) for the Ag(I) complexes, respectively, the IC50 

values of complexes 1, 2 and 3 are 5.08 ×10−5 M, 3.95 × 10−5 M and 5.67 × 10−5 M, 

respectively, which implies that the three Ag(I) complexes exhibits better scavenging 

activity than mannitol and vitamin C. It can be concluded that a much less or no 

scavenging activity was exhibited by the free ligands when compared to that of Ag(I) 

complexes which is due to the chelation of ligand with the central metal atom.7 The 

lower IC50 values observed in antioxidant assays did demonstrate that the three Ag(I) 

complexes have a strong potential to be applied as scavengers to eliminate radicals.  

[Insert Fig.11] 

 

Superoxide radical scavenging activity. As another assay of antioxidant activity, 

superoxide radical (O2
−•)-scavenging activity has been investigated.39 Complexes 1 

and 2 have good superoxide radical scavenging activity, but complex 3 does not have 

the activity. As shown in Fig. 12, the IC50 value of complex 1 and 2 are 1.53× 10−3 M 
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and 2.4× 10−3 M, which indicates that complexes 1 and 2 exhibit good superoxide 

radical-scavenging activity and may be an inhibitor (or a drug) to scavenge 

superoxide radical (O2
−•) in vivo which need further investigation. 

[Insert Fig.12] 

 

Conclusions 

In this paper, The bis-benzimidazole ligands and their Ag(I) complexes have been 

synthesized and characterized. The cation of the complex 1 can be described as an 

overall chairlike conformation possessing a crystallographically imposed inversion 

center, owing to the strong interactions between the two Ag(I) ions themselves. The 

geometric structure of 2 may be treated as a distorted tetrahedron. In the complex 3, 

the coordination geometry around Ag(I) is best described as Y-shaped. DNA-binding 

of the Ag(I) complexes suggest that the three ligands and Ag(I) complexes bind to 

DNA in an intercalation mode, which is due to the large planar aromatic rings, 

hydrogen bonds and π⋯π stacking interactions that facilitate them intercalating into 

the base pairs of double helical DNA. The DNA-binding affinities of these three 

complexes follow the order 2 > 1 > 3. Furthermore, the Ag(I) complexes have 

stronger ability of antioxidation for hydroxyl radical and superoxide radical. These 

findings indicate that Ag(I) complexes have potential practical applications in the 

development of potential probes of DNA structure and conformation and new 

therapeutic reagents for diseases on the molecular level, which warrants further in 

vivo experiments and pharmacological assays. 

 

Experimental  

General methods 

All chemicals and solvents were reagent grade and were used without further 

purification. The C, H and N elemental analyses were determined using a Carlo Erba 

1106 elemental analyzer. The IR spectra were recorded in the 4000–400 cm-1 region 

with a Nicolet FT-VERTEX 70 spectrometer using KBr pellets. Electronic spectra 

were taken on a Lab-Tech UV Bluestar spectrophotometer. The absorbance was 
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measured with Spectrumlab 722sp spectrophotometer at room temperature. 1H-NMR 

spectra were recorded on a Varian VR300-MHz spectrometer with TMS as an internal 

standard. Electrolytic conductance measurements were made with a DDS-307 type 

conductivity bridge using 3×10-3 M solutions in DMF at room temperature. 

 

Synthesis of the ligand and silver complexes 

Synthesis of bba and Etbba. The ligands bba and Etbba were synthesized 

according to the procedure reported in Ref.52, 53
  

Synthesis of Mebba. 5.3 g (0.015 mol) bis(benzimidazol-2-ylmethyl)aniline(bba) 

with 1.17 g (0.03 mol) potassium in 150 mL evaporated tetrahydrofuran was followed 

by adding 4.26 g (0.03 mol) iodomethane. The resulting solution was concentrated 

and recrystallized from methanol which was given pale yellow block crystals of 

Mebba. Yield : 62%, m.p: 236-238°C. Elemental analysis for C24H23N5: calculated(%): 

C, 75.56; H, 6.08; N, 18.36. Found(%): C, 75.53; H, 6.10; N, 18.37. IR (KBr; v/cm-1): 

744 ν(o-Ar), 1278 ν(C-N), 1467 ν(C=N), 1604 ν(C=C). 1H NMR (400 MHz, 

[D6]DMSO): δ = 7.13-7.60(m, 8H, benzimidazole), 7.09-6.64(m, 5H, Ph), 5.019(s, 

4H, CH2), 3.78(s, 6H, CH3). UV-Visible (in DMF), λmax (nm): 280 and 286. 

Preparation of complexes. To a stirred solution of Ligand bba (176.7 mg, 0.50 

mmol) in hot MeOH (10 mL) was added Ag(pic) (170.0 mg, 0.50 mmol) in MeOH (5 

mL). A yellow crystalline product formed rapidly. The precipitate was filtered off, 

washed with MeOH and absolute Et2O, and dried in vacuo. The dried precipitate was 

dissolved in DMF to form a yellow solution into which Et2O was allowed to diffuse in 

at room temp. Crystals suitable for X-ray measurement were obtained after several 

days. Complexes 2 and 3 were prepared by a similar procedure as for complex 1. 

1, Yield: 52%. Elemental analysis for C62H56Ag2N18O16: calculated(%): C, 48.83; 

H, 3.7; N, 16.53. Found (%): C, 48.85; H, 3.68; N, 16.54. IR (KBr; v/cm-1): 743 ν 

(o-Ar), 1273 ν(C-N), 1365 ν(O-N-O), 1456 ν(C=N), 1612 ν(C=C). UV-Visible (in 

DMF), λmax (nm): 276, 282 and 380.  

2, Yield: 59%. Elemental analysis for C58H58AgN13O8: calculated(%): C, 59.39; H, 

4.98; N, 15.52. Found(%): C, 59.37; H, 4.99; N, 15.53. IR (KBr; v/cm-1): 743 ν (o-Ar), 
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1266 ν(C-N), 1365 ν(O-N-O), 1456 ν(C=N), 1637 ν(C=C). UV-Visible (in DMF), λmax 

(nm): 277, 283 and 380. 

3, Yield: 75%. Elemental analysis for C32H29AgN8O7: calculated(%):C, 51.56 H, 

3.92; N, 15.03. Found(%): C, 51.57, H, 3.91; N, 15.05. IR (KBr; v/cm-1): 746 ν (o-Ar), 

1266 ν(C-N), 1363 ν(O-N-O), 1453 ν(C=N) , 1615 ν(C=C). UV-Visible (in DMF), 

λmax (nm): 276, 283 and 380.  

 

X-ray crystallography 

Suitable single crystals were mounted on a glass fiber, and the intensity data were 

collected on a Bruker APEX II area detector with graphite-monochromated Mo-Kα 

radiation ( λ= 0.71073Å ) at 296(2) K. Data reduction and cell refinement were 

performed using the SMART and SAINT programs. The absorption corrections are 

carried out by the empirical method. The structure was solved by direct methods and 

refined by full-matrix least-squares against F2 of data using SHELXTL software.54 All 

H atoms attached to C atoms except for DMF and diethyl ether groups were fixed 

geometrically and treated as riding with C-H = 0.93 or 0.97 Å with Uiso(H) = 

1.2Ueq(C). All H atoms attached to N atoms were fixed geometrically and treated as 

riding with N-H =0.86 Å with Uiso(H) = 1.2Ueq(N). H atoms attached to C atoms at 

DMF and diethyl ether groups were also calculated geometrically and included into 

the refinement with C-H = 0.96 Å, Uiso(H) = 1.5Ueq(C). Basic crystal data, description 

of the diffraction experiment, and details of the structure refinement are given in 

Table 1. Selected bond distances and angles are presented in Table 2.  

 

Table 1. Crystal and structure refinement data for complexes 1, 2 and 3 

Complex 1 2 3 

Empirical formula C62 H56 Ag2 N18 O16 C58 H58 Ag N13 O8 C32 H29 Ag N8 O7 

Molecular weight 1524.99 1173.04 745.50 

Crystal system Triclinic Triclinic Orthorhombic 

Space group P-1 P-1 P2(1)2(1)2(1) 

a (Å) 9.5997(12) 14.0351(16) 6.951(4) 

b (Å) 10.9697(15) 15.1423(12) 17.701(9) 

c (Å) 15.236(2) 15.6532(18) 24.901(13) 

α (°) 99.118(2) 106.739(8) 90 
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β (°) 96.954(2) 116.2520(10) 90 

γ (°) 94.303(2) 98.591(7) 90 

V (Å3) 1565.2(4) 2704.7(5) 3064(3) 

Z, Dc (mg/m3) 1, 1.618 2, 1.440 4, 1.616 

µ (mm-1) 0.712 0.442 0.722 

F (000) 776 1216 1520 

θ range for data collection(º) 2.99 – 25.49 1.48 – 25.50 2.30 – 25.50 

Crystal size(mm) 0.40 x 0.38 x 0.30 0.40 x 0.38 x 0.30 0.40 x 0.38 x 0.30 

Limiting indices, h k l -11 to 11 

-13 to 13 

-18 to 18 

-16 to 16 

-18 to 17 

-18 to 18 

-8 to 4 

-21 to 20 

-29 to 30 

Reflections collected 12722   19886 14493 

Unique reflections 5736 9899 5694 

Rint 0.0342 0.0241 0. 0221 

Data / restraints / parameters 5736 / 12/ 445 9899 / 6 / 727 5694 / 19 / 435 

Goodness-of-fit on F2 1.096 1.038 1.053 

R1/wR2 [I > 2σ(I)] 0.0359 / 0.0984 0.0370 / 0.0985 0.0330/ 0.0721 

R1/wR2 (all data) 0.0400 / 0.1053 0.0478 / 0.1060 0.0401 / 0.0756 

Largest diff. peak, hole (e Å-3) 0.746, -0.600 0.777, -0.530 0.496, -0.872 

 

Table 2. Selected bond distances (Å) and angles (°) for complexes 1, 2 and 3. 

Complex 1    

Ag(1)-N(5) 2.116(2) Ag(1)-N(3)#1 2.118(2) 

N(3)-Ag(1)#1 2.118(2)   

N(5)-Ag(1)-N(3)#1 171.67(10) C(16)-N(3)-Ag(1)#1 129.8(2) 

C(22)-N(3)-Ag(1)#1 124.3(2) C(1)-N(5)-Ag(1) 125.3(2) 

C(7)-N(5)-Ag(1) 128.4(2)   

Complex 2    

Ag(1)-N(5) 2.285(2) Ag(1)-N(8) 2.317(2) 

Ag(1)-N(10) 2.337(2) Ag(1)-N(3) 2.341(2) 

N(5)-Ag(1)-N(8) 117.60(8) N(5)-Ag(1)-N(10) 120.66(8) 

N(8)-Ag(1)-N(10) 97.45(8) N(5)-Ag(1)-N(3) 103.71(8) 

N(8)-Ag(1)-N(3) 111.84(8) N(10)-Ag(1)-N(3) 105.20(8) 

C(8)-N(3)-Ag(1) 132.95(19) C(15)-N(3)-Ag(1) 120.99(18) 

C(17)-N(5)-Ag(1) 125.06(18) C(24)-N(5)-Ag(1) 127.43(19) 

C(32)-N(8)-Ag(1) 

C(41)-N(10)-Ag(1) 

126.9(2) 

130.76(19) 

C(39)-N(8)-Ag(1) 

C(48)-N(10)-Ag(1) 

127.6(19) 

118.15(18) 

Complex 3    

Ag-N(4) 2.197(3) Ag-N(2) 2.256(3) 

Ag-O(1) 2.468(3) Ag-O(7) 2.769(4) 

Ag-N(1) 2.840(3)   

N(4)-Ag-O(1) 141.60(10) N(2)-Ag-O(1) 92.18(10) 

N(4)-Ag-O(7) 101.40(10) N(2)-Ag-O(7) 133.43(10) 
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O(1)-Ag-O(7) 62.55(10) N(4)-Ag-N(1) 69.32(9) 

N(2)-Ag-N(1) 69.41(9) O(1)-Ag-N(1) 107.99(8) 

O(7)-Ag-N(1) 

C(17)-N(4)-Ag 

N(4)-Ag-N(2) 

C(26)-N(2)-Ag 

152.48(11) 

131.5(2) 

119.85(11) 

129.5(2) 

C(8)-N(4)-Ag 

N(6)-O(7)-Ag 

C(18)-N(2)-Ag 

122.7(2) 

125.7(2) 

120.7(2) 

Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y,-z+1 

 

DNA-binding studies by viscosity experiments，，，，  electronic absorption and 

fluorescence spectra  

Viscosity experiments were conducted on an Ubbelodhe viscometer, immersed in a 

water bath maintained at 25.0 ± 0.1℃. Titrations were performed for the complexes 

(3-30 µM), and each compound was introduced into CT-DNA solution (42.5 µM) 

present in the viscometer. Data were presented as (η/η0)
1/3 versus the ratio of the 

concentration of the compound to CT-DNA, where η is the viscosity of CT-DNA in 

the presence of the compound and η0 is the viscosity of CT-DNA alone. Viscosity 

values were calculated from the observed flow time of CT-DNA-containing solutions 

corrected from the flow time of buffer alone (t0), η= (t - t0).
55 

Absorption titration experiments were performed with fixed concentration of the 

complexes, while gradually increasing the concentration of CT-DNA. To obtain the 

absorption spectra, the required amount of CT-DNA was added to both compound 

solution and the reference solution to eliminate the absorbance of CT-DNA itself. 

From the absorption titration data, the binding constant (Kb) was determined using the 

equation:50 

[DNA]/(εa-εf) = [DNA]/(εb-εf) + 1/Kb(εb-εf) 

where [DNA] is the concentration of CT-DNA in base pairs, εa corresponds to the 

extinction coefficient observed (Aobsd/[M]), εf corresponds to the extinction 

coefficient of the free compound, εb is the extinction coefficient of the compound 

when fully bound to CT-DNA, and Kb is the intrinsic binding constant. The ratio of 

slope to intercept in the plot of [DNA]/(εa-εf) versus [DNA] gave the value of Kb. 

    EB emits intense fluorescence in the presence of CT-DNA, due to its strong 
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intercalation between the adjacent CT-DNA base pairs. It was previously reported that 

the enhanced fluorescence can be quenched by the addition of a second molecule.56, 57 

The extent of fluorescence quenching of EB bound to CT-DNA can be used to 

determine the extent of binding between the second molecule and CT-DNA. The 

competitive binding experiments were carried out in the buffer by keeping 

[DNA]/[EB] = 1 and varying the concentrations of the compounds. The fluorescence 

spectra of EB were measured using an excitation wavelength of 520 nm, and the 

emission range was set between 550 and 750 nm. The spectra were analyzed 

according to the classical Stern–Volmer equation:58 

I0/I = 1 + Ksv [Q] 

where I0 and I are the fluorescence intensities at 599 nm in the absence and presence 

of the quencher, respectively, Ksv is the linear Stern–Volmer quenching constant, and 

[Q] is the concentration of the quencher. In these experiments [CT-DNA] = 2.5×10-3 

mol/L, [EB] = 2.2×10-3 mol/L. 

 

Antioxidant activities 

Hydroxyl radical scavenging activity. Hydroxyl radicals were generated in 

aqueous media through the Fenton-type reaction.50, 59 The reaction mixture (3 mL) 

contained 1.0 mL of 0.10 mmol aqueous safranin, 1 mL of 1.0 mmol aqueous EDTA–

Fe(II), 1 mL of 3% aqueous H2O2, and a series of quantitative microadditions of 

solutions of the test compound. A sample without the tested compound was used as 

the control. The reaction mixtures were incubated at 37°C for 30 min in a water bath. 

The absorbance was then measured at 520 nm. All the tests were run in triplicate and 

are expressed as the mean and standard deviation (SD).The scavenging effect for 

OH−• was calculated from the following expression:  

Scavenging effect (%) = (Asample - Ablank) / (Acontrol - Ablank) ×100 

where Asample is the absorbance of the sample in the presence of the tested compound, 

Ablank is the absorbance of the blank in the absence of the tested compound and Acontrol 

is the absorbance in the absence of the tested compound and EDTA–Fe(II).60 

Superoxide radical-scavenging activity. A nonenzymatic system containing 1 mL 
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9.9×10-6 M VitB2, 1 mL 1.38×10-4 M NBT, 1 mL 0.03 M MET was used to produce 

the superoxide anion (O2
−• ), and the scavenging rate of O2

−• under the influence of 

0.1-1.0µM of the test compound was determined by monitoring the reduction in rate 

of transformation of NBT to monoformazan dye.61 The solutions of MET, VitB2 and 

NBT were prepared with 0.02 M phosphate buffer (pH=7.8) avoiding light. The 

reactions were monitored at 560 nm with a UV/Vis spectrophotometer, and the rate of 

absorption change was determined. The percentage inhibition of NBT reduction was 

calculated using the following equation:62 percentage inhibition of NBT reduction= 

(1-k’/k) ×100, where k’ and k present the slopes of the straight line of absorbance 

values as a function of time in the presence and absence of SOD mimic compound 

(SOD is superoxide dismutase), respectively. The IC50 values for the complexes were 

determined by plotting the graph of percentage inhibition of NBT reduction against 

the increase in the concentration of the complex. The concentration of the complex 

which causes 50% inhibition of NBT reduction is reported as IC50. 

 

Abbreviation 

bba                bis(benzimidazol-2-ylmethyl)aniline  

Mebba             bis(N-methylbenzimidazol-2-ylmethyl)aniline 

Etbba              bis(N-ethylbenzimidazol-2-ylmethyl)aniline  

MeOH             methanol 

DMF              N, N-dimethylformamide 

DMSO            dimethylsulphoxide   

Et2O              diethyl ether 

SOD              superoxide dismutase  
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Appendix A. Supplementary data 

Crystallographic data for complexes 1-3 have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication CCDC reference numbers 

are 1002281, 1002282 and 1002283, respectively. Copies of the data can be obtained, 

free of charge, on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, 

UK. Tel: +44-01223-762910; fax: +44-01223-336033; e-mail: 

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk. 
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Scheme 1 Synthesis of ligands and complexes 1-3.  
50x39mm (300 x 300 DPI)  
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Fig.1 Molecular structure and atom-numberings of [Ag2(bba)2]2+ with hydrogen atoms omitted for clarity.  
70x39mm (300 x 300 DPI)  
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Fig. 2 2-D layer formed via π•••π interactions in complex 1 (different interactions are distinguished by 
different colors)  

75x38mm (300 x 300 DPI)  
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Fig. 3 3-D network of the [Ag2(bba)2]2+ cation.  
70x35mm (300 x 300 DPI)  
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Fig. 4 Molecular structure of complex 2 with hydrogen atoms were omitted for clarity.  
70x39mm (300 x 300 DPI)  
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Fig. 5 The π•••π interactions and packing modes in complexes 2(H atoms are omitted).  
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Fig. 6 The 1D chain structure of complex 3. The Ag-N(1) and Ag-O(7) weak coordination interaction are 
shown by an black broken line.  
70x39mm (300 x 300 DPI)  

 

 

Page 28 of 35New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 7 2-D layer generated by the π•••π interactions and weak C–H•••O hydrogen bonding in the ac plane in 
complex 3 (for clarity, some atoms were omitted).  
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Fig. 8 Electronic spectra of (1a) 1, (2a) 2 and (3a) 3 in Tris–HCl buffer upon addition of CT-DNA. 
[Compound] =3 × 10−5 M−1, [DNA] = 3 × 10−5 M−1. Arrow shows the emission intensity changes upon 
increasing DNA concentration. Plots of [DNA]/(εa − εf ) versus. [DNA] for the titration of (1b) 1, (2b) 2 and 

(3b) 3 with CT-DNA.  
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Fig. 9 Emission spectra of EB bound to CT-DNA in the presence of (1a) 1, (2a) 2 and (3a) 3; [Compound] = 
3 × 10−5 M−1; λex = 520 nm. The arrows show the intensity changes upon increasing concentrations of 

the complexes. Fluorescence quenching curves of EB bound to CT-DNA by (1b) 1, (2b) 2 and (3b) 3. (Plots 

of I0/I versus [Complex]).  
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Fig. 10 Effect of increasing amounts of Ag(I) complexes on the relative viscosity of CT-DNA at 25.0 ± 0.1 
°C.  
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Fig. 11  The inhibitory effect of the three Ag(I) complexes on OH−• radicals; the suppression ratio increases 

with increasing concentration of the test compound.  
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Fig. 12  Plots of scavenging percentage (%) versus concentration of the three Ag(I) complexes on 
superoxide radical.  
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The cation of the complex 1 can be described as an overall chairlike conformation possessing a 
crystallographically imposed inversion center, owing to the strong interactions between the two Ag(I) ions 
themselves. The geometric structure of 2 may be treated as a distorted tetrahedron. In the complex 3, the 

coordination geometry around Ag(I) is best described as Y-shaped. DNA-binding of the Ag(I) complexes 
suggest that the three ligands and Ag(I) complexes bind to DNA in an intercalation mode. The DNA-binding 

affinities of these three complexes follow the order 2 > 1 > 3. Furthermore, the Ag(I) complexes have 
stronger ability of antioxidation for hydroxyl radical and superoxide radical.  
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